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id process for oxidizing only the outer wall of a multiwall nanotube 



The invention provides a multiwall nanotube in which only the outer wall is oxidized and a 
process for oxidizing only the outer wall of a multiwall nanotube. 

Multiwall nanotubes are known from [1]. 

Furthermore, carbon nanotubes and processes for producing them are known from [1]. A typical 
multiwall nanotube has a diameter of some 10s of nanometers, and the length of a nanotube can 
be a number of microns. The ends of a nanotube are typically each capped, i.e. covered, by half a 
fullerene molecule. 

A nanotube can have one or more walls. In the case of multiwall nanotubes, at least one inner 
nanotube is surrounded coaxially by an outer nanotube [1]. 

Depending on the chirality, nanotubes have either the properties of a metal or the properties of a 
semiconductor. Furthermore, this conductivity can be controlled by application of an electric 
field (known as the field effect) [2] and/or by doping the carbon nanotubes with boron nitride, as 
described in [3]. In the latter case, a nanotube doped with boron atoms and nitrogen atoms is also 
referred to as a boron nitride nanotube. 

Owing to the suitability of the nanotubes as metallic conductors and as semiconductors, it would, 
for the purposes of nanocircuit technology, be desirable to apply such single- wall and multiwall 
nanotubes to solid substrates. 

This has hitherto been achieved by making a substrate hydrophobic, for example by treatment 
with trialkyl-substituted silazane compounds, and subsequently fixing the nanotubes thereon by 
means of van der Waal forces [4]. However, it is possible for the nanotubes to move by slipping 
on the substrate when applied in this way. This slipping has a considerable adverse effect on both 
the desired predetermined structure and the long-term stability of such circuits constructed using 
nanotubes. 

Furthermore, [5] describes the chemical functionalization of nanotubes for the purpose of 
immobilizing them on substrates, and [6] describes the immobilization of nanotubes on 
substrates and the use in this way of multiwall nanotubes. 

The immobilization of microspheres of an organic or inorganic nature on substrates is described 



Owing to the growing interest in nanocircuit technology, there is a need for nanotubes having 
electronic properties which make them suitable for use in nanocircuit technology. 

It is thus an object of the invention to provide such nanotubes. 



in [7]. 
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This object is achieved by a multiwall nanotube having an outer wall and at least one inner wall, 
in which only the outer wall is oxidized and the inner wall or walls is/are not oxidized. 

Such a selective oxidation of only the outer wall of a multiwall nanotube brings two particular 
advantages with it. 

Firstly, a multiwall nanotube in which only the outer wall is oxidized can bind covalently and 
thus in a slip-resistant manner to a substrate. 

Secondly, the substantial oxidation of only the outer wall of the multiwall nanotube leads to an 
electrically insulating effect, so that the outer wall of the multiwall nanotube loses its ability to 
conduct electric current. 

However, one or more of the inner nanotubes of the multiwall nanotube then takes over 
conduction of the electric current because this inner nanotube or nanotubes of the multiwall 
nanotube is protected from chemical oxidation by the outer wall of the multiwall nanotube. 

Such a retention of the conductivity of the inner nanotube(s) with loss of the conductivity of the 
outer wall of the multiwall nanotube is particularly advantageous for the construction of 
nanocircuits, since such external electrical insulation makes possible the crosswise construction 
of such nanocircuits without an electric short circuit occurring between the crossing nanotubes. 

It may be pointed out in this context that when the outer wall of a multiwall nanotube is 
chemically changed in a targeted manner, the conduction of electricity through the multiwall 
nanotube is automatically taken over by the next inner nanotube. Thus, in a manner analogous to 
a rubber-sheathed electric wire, a nanostructure which is especially suitable for conduction of 
electricity in nanocircuits is created. 

In one embodiment of the invention, the multiwall nanotube can be, for example, a multiwall 
carbon nanotube or a multiwall nanotube doped with boron nitride. 

The invention also provides a process for oxidizing only the outer wall of a multiwall nanotube. 
In this process, a multiwall nanotube is firstly made available. The multiwall nanotube is then 
subjected to oxidation. Finally, the multiwall nanotube which has been treated in this way is 
isolated. 

In one embodiment of the process, the multiwall nanotube used is a multiwall carbon nanotube 
or a multiwall nanotube doped with boron nitride. 

In a further embodiment of the process, the outer wall of the multiwall nanotube is oxidized by 
reaction with a strong acid. 

In a further embodiment of the process, nitric acid, sulfuric acid, chromic acid, Caro's acid, 
perchloric acid, iodic acid or organic peracids are used as strong acid. 
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In a further embodiment of the process, sulfuric acid is used as a mixture with hydrogen 
peroxide. 

In a further embodiment of the process, the outer wall of the multiwall nanotube is oxidized at 
room temperature or at a temperature up to the boiling point of the respective reaction mixture. 

A substrate has bound onto its surface a multiwall nanotube in which only the outer wall is . 
oxidized. 

An electronic component comprises a substrate and multiwall nanotubes in which only the outer 
wall is oxidized are bound to the substrate. 

In a process for binding a multiwall nanotube to a substrate, chemically reactive groups are 
generated on the outer wall of the multiwall nanotube in a first step and the multiwall nanotube 
which has been chemically modified in this way is, in a second step, brought into contact with 
the substrate so that covalent chemical bonds are formed between the substrate and the 
chemically reactive groups which have been generated on the outer wall of the multiwall 
nanotube. 

The carbon framework of the outer wall of the multiwall nanotube is functionalized by 
generation of reactive groups. These chemically reactive groups generated on the outer wall of 
the multiwall nanotube subsequently react with groups present on the substrate which are able to 
react with the chemically reactive groups on the outer wall of the nanotube so that a covalent 
bond is formed between the two. 

As substrate, it is possible to use materials which bear such chemically reactive groups. For 
example, substrates based on silicon, for example glass (Si0 2 ), bear hydroxyl groups. As an 
alternative, a substrate made of material which does not bear such chemically reactive groups 
can be coated with a further material bearing such chemically reactive groups. In the case of the 
substrate, nucleophiles are particularly preferred as chemically reactive groups. 

A particularly useful method of functionalizing the outer wall of the multiwall nanotube is, for 
example, oxidation of a large number of the carbon atoms present in this wall to generate 
chemically reactive groups. 

Furthermore, the multiwall nanotube which has been chemically modified in this way can be 
separated off by filtration alone or by precipitation and filtration prior to bringing it into contact 
with the substrate. 

In a further embodiment of the invention, the multiwall nanotube which has been chemically 
modified in this way is, after it has been separated off but before it is brought into contact with 
the substrate, dispersed in a suitable medium. 

In a further embodiment of the invention, the chemically reactive groups on the outer wall of the 
multiwall nanotube are generated by means of oxidation of the outer wall by reaction with a 
strong oxidizing acid. 
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Strong oxidizing acids which can be used are nitric acid, sulfuric acid, chromic acid, Caro's acid, 
perchloric acid, iodic acid or organic peracids. 

Furthermore, it is possible to use sulfuric acid as a mixture with hydrogen peroxide. 

The generation of chemically reactive groups on the outer wall of the multiwall nanotube can be 
carried out at room temperature or up to a temperature corresponding to the boiling point. 

Furthermore, one embodiment of the invention provides for the substrate to bear chemically 
reactive groups which are able to form a covalent bond with the chemically reactive groups 
generated on the outer wall of the multiwall nanotube. 

The chemically reactive groups on the substrate may be nucleophiles, for example hydroxyl 
groups. 

The groups generated on the outer wall of the multiwall nanotube may be carboxyl functions. 
Before the nanotube is brought into contact with the substrate, the carboxyl groups can be treated 
with a reagent for promoting covalent bonding, with it being possible to use SOCl 2 , COCh, PCI3, 
CCI4 and PI13P, PhCOCl, C1COCOC1 or Cl 2 CHOMe as halogenating reagent in the case of acid 
chloride formation and carbodiimides or mineral acids as coupling reagent in the case of direct 
reaction of acid groups and hydroxyl groups. 

When thionyl chloride is used as halogenating reagent for activating the carboxyl groups 
generated on the outer wall of the multiwall nanotube, a further embodiment of the invention 
provides for a base to be additionally used in order to neutralize the hydrochloric acid formed in 
the reaction between the acid chloride on the outer wall of the multiwall nanotube and the 
hydroxyl groups on the substrate. 

In a further embodiment of the invention, the base used for neutralization is preferably a 
nonnucleophilic base, advantageously an alkyl-substituted amine such as triethylamine or 
diisopropylamine, or imidazole, pyridine or a mixture of potassium ter/-butoxide and 
/er/-butanol. 

Additional features of the invention will now be explained with the aid of the embodiments 
described below with reference to the drawing. 

Illustrative embodiments of the invention are shown in the figures and are explained in more 
detail below. 

In the figures: 

Figure 1 schematically shows the functionalization of the multiwall nanotube and its 

application to the substrate in accordance with one embodiment of the invention 
and 
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Figure 2 shows a schematically enlarged depiction of a multiwall nanotube functionalized 
by means of carboxyl groups with covalent bonding to the substrate. 

Fig. la shows a multiwall nanotube 100 in a container 103 containing a medium 1 10 before 
generation of chemically reactive groups on the outer wall of the multiwall nanotube 100. 

Fig. lb shows the nanotube 100 bearing chemically reactive groups 102 which have been 
generated on the outer wall of the multiwall nanotube 100 by means of a covalent bond 101. 

Such functionalization of the outer wall of the multiwall nanotube 100 is, in this example, carried 
out by reaction with a strongly oxidizing acid. 

For this purpose, preference is given, for example, to the use of concentrated nitric acid (up to 
100 percent by weight), chromic acid, Caro's acid, sulfuric acid or mixtures of sulfuric acid and 
hydrogen peroxide, perchloric acid, iodic acid or organic peracids. 

The reaction can be carried out at room temperature or at a temperature up to the boiling point of 
the respective acid-containing medium. The treatment with a strong oxidizing acid in an aqueous 
environment converts carbon atoms on the outer wall of the multiwall nanotube into the 
corresponding carboxylic acid groups. 

After the generation of chemically reactive groups 102 on the surface of the outer wall of the 
multiwall nanotube 100, the nanotubes 100 which have been chemically modified in this way 
can, if desired, be separated off from the acid-containing medium 1 10 by filtration alone or by 
successive precipitation and filtration. 

The functionalized nanotubes 100 which have been separated off can then, if desired, be washed 
and then dispersed in a second medium 104 or, without being washed first, dispersed in a second 
medium 104 directly after they have been separated off, as shown in Fig. lc. 

The result of dispersing the nanotubes 100 which have been chemically modified in this way is 
shown in Fig. lc. 

In a further embodiment of the invention, the multiwall nanotube 100 dispersed in the medium 
104 in Fig. lc can be reacted with a further reagent to further functionalize the chemically 
reactive groups 102 generated on the outer wall of the multiwall nanotube 100 in order to 
activate them in respect of reaction with a nucleophile. In this way, the later formation of a 
covalent bond with the preferably nucleophilic groups on the substrate is aided. 

When the groups 102 generated on the outer wall of the multiwall nanotube 100 are carboxyl 
groups, such activation can be carried out by addition of a known halogenating agent such as 
SOCI2, or in the case of direct reaction of the carboxyl groups with hydroxyl groups of the 
substrate, a known coupling reagent such as carbonyldiimidazole, dicyclohexylcarbodiimide or 
mineral acids. As an alternative to SOCb for conversion into the corresponding acid chloride, it 
is also possible to use COCl 2 , PC1 3 , PC1 5 , (CCU and Ph 3 P), PhCOCi, C1COCOC1 or Cl 2 CHOMe. 
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Fig. Id shows the case in which a substrate 106 in a substrate housing 105 does not comprise a 
material bearing chemically reactive groups. 

In this case, the chemically reactive groups 107 are firstly applied to the substrate by means of 
known methods, for example by coating with a material bearing chemically reactive groups. 

Fig. le shows the substrate 106 in the substrate housing 105, where the substrate material either 
already bears chemically reactive groups 107 or where such chemically reactive groups 107 have 
been applied to the surface of the substrate 106 via the covalent bond 108. 

In each case, the surface of the substrate 106 is preferably hydrophilic, so that good adhesion of 
the multiwall nanotube 100 which has likewise been made hydrophilic by functionalization is 
ensured. 

Fig. If shows the contacting of the medium 104 in which the fiinctionalized multiwall nanotubes 
100 are present with the substrate 106. If thionyl chloride or another halogenating reagent has 
been used in the step depicted in Fig. lc for activating the carboxyl groups generated on the 
outer wall of the multiwall nanotube 100, an additional base can be added in the step depicted in 
Fig. If. 

Such a base serves to neutralize the hydrochloric acid which is formed in the reaction between 
the acid chloride functions on the outer wall of the multiwall nanotube and the hydroxyl groups 
on the substrate. 

Thus, during the formation of the covalent bond 109 between the nanotube 100 and the substrate 
106, in which acid is formed, the addition of a base prevents the counterreaction, namely the acid 
hydrolysis of the ester group formed between the nanotube 100 and the substrate 106, from 
taking place. 

For this purpose, preference is given to using non-nucleophilic bases, for example alkyl- 
substituted amines such as triethylamine or diisopropylamine, or alternatively imidazole, 
pyridine or a mixture of potassium tert-butoxide and ter/-butanol. 

Fig. lg shows the covalent bond 109 between the functionalized multiwall nanotube 100 and the 
substrate 106. 

The multiwall nanotube 100 which has been bound to the substrate 106 in this way therefore 
does not slip on the surface of the substrate 106. This slip resistance makes possible a stability 
not achieved hitherto in the construction of nanocircuits. 

Fig. 2 shows a schematically enlarged depiction of a nanotube 201 functionalized with carboxyl 
groups 203 on being brought into contact with hydroxyl groups 204 on the surface of the 
substrate 202. 

In this embodiment, the carboxyl groups 203 of the outer wall of the multiwall nanotube 201 
have not been modified by means of a halogenating reagent. 
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The regions in which the formation of an ester bond between the multiwall nanotube and the 
substrate takes place are highlighted by means of ellipses 205. 
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List of reference numerals 



100 


Multiwall nanotube 


101 


Covalent bond 


102 


Chemically reactive group applied to the multiwall nanotube 


103 


Container 


104 


Second medium 


105 


Substrate housing 


106 


Substrate 


107 


Chemically reactive substrate group 


108 


Covalent bond 




L-ovalent bona between tiie multiwall nanouiDe ana ine suDSudie 


110 


First medium 


201 


Multiwall nanotube 


202 


Substrate 


203 


Carboxyl group applied to the multiwall nanotube 


204 


Substrate hydroxyl group 


205 


Esterification region 
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